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Dynamic response of a magnetic suspension in a viscoelastic fluid
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We present a model to describe a dynamic orientational response of a dilute suspension of single-domain
magnetic particles in a viscoelastic liquid carrier of the Maxwell fluid type. Introducing Brownian orientational
diffusion into the equation of the particle rotary motion, absorption spectra of the initial dynamic magnetic
susceptibility are obtained. Under appropriate conditions they display a complex comblike structure which
might be helpful for probing the local rheology of the carrier medium of a suspension.
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PACS numbdss): 82.70~y, 75.50.Mm, 83.80.Gv

I. INTRODUCTION trix, and the dynamic polarization is recorded. Provided an
adequate interpretation is available, the amplitude-frequency

For a variety of fine magnetic particle dispersions in lig- dependences of the response signal can yield essential infor-
uid matrices one may propose a conventional classificatiomation on the local rheology of the carrier fluid. A successful
with regard to the fluidity features of the carrier. Namely, attempt of such an approach has been reported in[R2f.
suspensions in Newtonian fluids, widely knownraagnetic ~ Apparently, more theoretical effort is needed for further
fluids or ferrofluids suspensions in liquid crystals as well Progress.
called ferroliquid crystals and suspensions in non-

Newtonian fluids. . . Il. MAGNETIC PARTICLE IN A VISCOELASTIC FLUID

Of these three kinds of fluid nanocomposites, the mag-
netic fluids have been extensively studied for a long time— Let us consider a two-dimension@D) orientational mo-
see bookg1,2] and bibliographie$3]. Ferroliquid crystals, tion of a single-domain magnetically rigid particle in a vis-
initially addressed in Ref44,5], are now under progressive coelastic fluid. We choose the 2D representation for its utter
investigation[6,7]. However, the last item of the list has simplicity. The 3D one, though far more cumbersome in
hardly been touched as yet. mathematical treatment, would provide results differing from

Even after having been distinguished from ordinary andours by but numerical coefficients of the order of unity.
liquid-crystalline systems, “non-Newtonian magnetic sus- In the adopted framework a magnetic particle is a solid
pensions” is probably too general a name to use. One jusdisk of radiusa confined in an arbitrary plane passing
has to recall how variable in their properties possible carriershrough the direction of the applied magnetic fieldwhich
(polymeric melt or solutions, biological systems, ptmay  we take for the polar axis of the coordinate system. The
be. magnetic momenyjt of the particle is constant in its absolute

Magnetic response of such media is to a great extent deralue and its direction inside the plane of the disk is fixed.
termined by the mobility properties of the particles in their Orientation of the vectou with respect to the polar axis is
fluid environment. For diluted suspensions, assuming that theefined by the angle}. Then the equation of the particle
embedded particles are magnetically hard, the most essenti@tary motion is written
process is the orientational motion of an individual particle
inside the non-Newtonian matrix.

This paper carries on the theoretical studies of kinetics of
suspensions in viscoelastic media set out in R&fs10]. We
derive and analyze the dynamic susceptibility of a statisticaHere the dots denote differentiation with respect to timis,
assembly of fine ferroparticles in a Maxwell fluid. The latter the moment of inertia of a particle when rotated about its
is a simple conventional model of a polymeric solution. Of center,Q(t) is the resistance torque, and the noise torque
course, due to its simplicity, it gives up a lot of details rel- y(t) accounts for thermal motion in the fluid.
evant for the behavior of a particular polymer. The gain, Adopting the Maxwell model of a viscoelastic fluid we
however, is the opportunity to get acquainted with the effeciassume that the resistance torque exerted by the fluid carrier
of retardation—probably the most general non-Newtoniaron a rotating particle may be described by the equation
feature of polymeric solutions—on the frequency-dependent
magnetic response. i 1 )

The applicational aspect of the present and sinfild Q=——(Q—Qp), with Qy=¢9, 2
studies is easy to recognize. Imagine a tiny amount of fine ™
dipolar particles dispersed over the volume of a tested me-
dium. Their motion is excited contactlessly by means of arwhere ¢ is the friction coefficient proportional to the fluid
alternating external field that does not affect the liquid ma-viscosity », and 7, is the characteristic time of the elastic

|9+ Q(t) + uHsind=y(t). (1)
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stress relaxation. Both and 7, are the characteristics of the . . l .
fluid proper and as such are insensitive to the presence of O+ —d+7| —+nuH cosd|d
. ™ ™
particles.
Though any extensive discussion of the Maxwell rheo- no A
logical model is beyond the scope of the present work, it =- W(smﬁ)RH+ mf(t)- (4)

seems reasonable to recall that relationd@pmay be re-

garded as a valid one only for the fluids whose viscoelasticE uation (4) provides a starting point for any statistical de-
ity is to some extent pronounced, vizy> 7, , with the limit q P gp y

/7 =1 being possibly incorrect. Hera~1/¢ is the iner- scription of the particle assembly in question, derivation of

tial relaxation time—see Eq10) below. Indeed, for a con- the Fokker-Planck equation, for example.
sistent derivation of the set of local equatidis and (2) a

conjugated problem of field-induced rotations of a solid body [ll. DYNAMIC SUSCEPTIBILITY
and invoked by that velocity and deformation distributions in . .
the surrounding viscoelastic fluid should be solved. Among SO”ﬁe rgsult_s on formulanon and solution of the corre-
other effects, forry =<, at high frequencies a skin-layer sppndlng _k|net|c equation are presented elsewhi0e13. .
behavior must be expected with its specific transverse-wav his way is rather universal but laborious as well. To obtain

dispersion lawQ~(i—1)yw, well known for Newtonian the initial susceptibility, which is our main goal here, it is
fluids and not at all reercteZ:i in EQ). As a partial justifi- more feasible to use the linear response approach. According

cation of our use of Eq2), we remark that for the Reynolds to the Kubo-Tomita theorertsee,[14] for example, the dy-

numbers Re& 1 this type of mechanical response takes placenamIC susceptibility may be expressed through the equilib-

. : fium correlation function of the observable quantity. For the
when the skin-layer thickness~y#»/pw becomes compa- system in question we choose as such the component of the
rable with the particle size. However, for rotary oscillations

_ induced magnetization in the direction of the probing field
the conditions Rel and a<d reduce to oneiwn <1, . g P g

which in fact is adopted throughout our consideration.

To clarify the meaning of the relaxational equati@, let
us substitute there the angular displacement in the form M(t)=cup(t),
9= 9exp(—iwt). For the torque amplitude one finds

where p(t)=p[ 9(t)]=cosd(t),

andc is the number concentration of the particles. Then the

Lo? pertinent formula reads
w

™ {w
RO =22 M 50  |mo@=—22 50
&Q 1+w27'2M Q 1+ szZM

© d{(p(t)p(0
x@)o=- | dte'wtw, ®)

At low frequencies o 7y<<1) only the imaginary part of the

resistance is relevant, which leadsQe= —ilmQ«=, mean-  wherey,=cu?/2kgT is the static susceptibility of an assem-

ing that the torque is predominantly viscous. The case of thély of noninteracting magnetic dipoles, and the angular

Newtonian fluid is recovered ab—0, whereQ=Q,—see brackets denote the statistical average over the equilibrium

Eq. (2). At high frequencies one ha@@~ReQ«= J, as if the field-free H=0) state.

medium were transformed into a Hookean elastic body with Using the well-known trigonometry formulas, the correla-

the effective strain modulug/ 7y, . In this case the response tion function may be rearranged as

has a reversible, nondissipative, character. In the intermedi-

ate range the reaction of the fluid is a superposition of vis- (p(t)p(0))=2(p[ O(t)— (0) ]+ p[ H(t)+ H(0)])

cous(fluidlike) and elastigsolidlike) contributions.

As has been shown in RgB], the random torque in Eq. =3(p(AD)). (6)

(1) is “colored” with a correlation timery, . However, in-

troducing an auxiliary white noisg(t), one may treay(t) as  Here A9=9(t)—3(0), and for astationary process the

a dynamic variable which evolves according to the equationerm containing the sum of angles vanishes. For evaluation
of the equilibrium correlation function, one has to know the

d statistical properties of the assembly. It is easy to see that the
1+ 7y _)y:f(t), (F(1)(0))=2ZkgT 5(t). angled is the Gaussian random variable. Indeed, according
dt to Eq.(4), atH=0 it obeys a linear equation, the right-hand
©) side of which is the Gaussian function—the white noise

Performing the averaging with the Gaussian distribution

Adding these relationships to Eqd) and(2), one obtains a function, one get¢see Ref[15], for example

closed set of stochastic equations with a standard noise. Note

that the linear retardation operatBrentering the left-hand (p(A9))=exd —3((A9)%)], 7

side of Eq.(3) coincides with that of Eq(2) for Q. That

means that the thermal and resistance torques have the sathes expressing the sought for dipolar correlation function

type of frequency dispersion. Upon elimination@fandy, via the mean-square angular fluctuation.

Egs. (1)—(3) unite, rendering the Langevin equation of the To find the latter, let us present the field-free solution of

problem that reads Eqg. (4) as

Ry=
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: 9(0) 9(0) 1 1—3M
)= ——(\,ert—r_eMh+——(eMt—erY) oy==—V4M—-1, tanj=——————
An T A\ M2y Ve My 1
1 t
+ dt’f(t’ e)ur(tft’)_e)\,(tft’) , 8 T
|TMA>\L (Ol 1 ® M= (14)

7

where 19(0) and %9(0) are the initial values of the angular
velocity and acceleration, respectively, and the decrementﬁ]
\ are defined by the characteristic equation

)\2+)\/TM+1/TM’T|:O. (9)

As we are dealing with a thermalized system, the rate of
e particle orientational diffusion determined by the Debye
time

D= g/kBT (15)

Here we have introduced the “inertial” time . .
necessarily enters Eq(13). For extremely short times
=1/, (100 (At<1) Eq.(13) vields the dynamic result
determining the relaxation rate of the angular momentum for
a particle with the moment of inertib and friction coeffi-
cient. The solution of Eq(9) yields

N ! *iv/ ! ! AN=N_—\
+:___| I = - .
- 27\ M 4Ty *

Therefore one sees thatg}> 7,/4 the system behaves as an
oscillator with eigenfrequencies resulting from the interplay
between the inertia of the particle and the elasticity of its
environment. Multiplying Eq.(8) by 9(0) and averaging
over the assembly, one finds

((A9)2) = (kg TINE2= (D12,

and in the Newtonian fluid limit £f,—0) it reduces to the
well-known relationshigsee,[15] for example

2
(A9)) = [t=m(1-e ],

Substituting sequentially Eq13) into (6) and (7) and those

into Eq. (5), one gets for the initial dynamic susceptibility of
a viscoelastic magnetic suspension

. o i .
<19(t)19(0)>—<19 (0))[)\+e)‘ t—)\_e}‘”]/A)\. (11) X(w)/XOZ 1+i wJ' dte"*’tG(t), (16)
While writing down this expression, we have taken into ac- 0
count that{ 3(0)9(0))=0. _ _
Since the phase and the angular velocity are related by G(t)=exp{ ﬂ{ _et/ZTme—M”et/TD,
definition D cosy

17

t .
Aﬁ(t)zJ dt’ 9(t’),

0 whereD =15 /7. From formula(17) it is clear that the re-
the general expression for the equilibrium mean-square fludaxation time ratioM andD are the principal dimensionless
tuation of the phase is parameters of the problem.

It is important to emphasize that the correlatbr) for the
observable quantity, i.e., magnetization, unlike the angular

t t! . .
<(Aﬁ)2>=2fodt’fo dt"(3(0)9(t' —t"). (12

Substitution of Eq(11) in (12) upon integration gives

2kgT[A2 22 A3-\3
A9)?)= t+
(A9%)=T3x A A N
A A
PV S ,
A2 \S

correlator(13), is a nonlinear function of the phase fluctua-
tion. Due to that, as it is shown below, the spectrum of the
dipolar susceptibility may contain multiples of the unique
resonance frequency inherent to more simple, but essentially
nonobservable, angle oscillations. The same circumstance
accounts for the additivity of orientational diffusion and vis-
coelasticity contributions to Eq13) and multiplicativity of
those in Eq(17).

Even an approximate analysis of the obtained susceptibil-
ity (16) and(17) is rather cumbersome. It is due, in particu-

where we assume equipartition for the mean-square anguly, to a number of reference times in Eq$3) and (17).
velocity, i.e.,(9%(0))=kgT/I. After simple algebraic trans- Indeed, besides three relaxation times, viz., 7, and

formations the mean fluctuation takes the form

™

(a0p=2 o
1-1/4M

D

t
Xexp —=—
e% 27'M

t+TM_T|+

cof wyt— z,b)l, (13

with

70, One more time scale, namely, the eigenfrequency
oy =17\, of particle rotary oscillations defined by Eq.
(14), enters the pertinent formulas. To facilitate consider-
ations, let us take the inertial timg as a minimal time scale.
This choice is ensured by the fact that its characteristic value
even for rather large graing{ 10° nm) and inviscid liquids
(p~10"2P, like watef is rather  small
(7,~a?/10p~10"© s). With an objective to study the effect
of viscoelasticity, we assume that
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T|<\TMT|<TM, (18) X”/XO

. . 0.5
see also the comment following E@). Given that, one may a

expect that the actual form of the frequency dependence of
the dynamic susceptibility is determined by the relative po- l I

sition of the Debye timer in the time scal€18). Therefore

at least three kinds of suspensions with regard to the matrix 0.1 0.2 0.3 0.4
viscoelasticity(VE) must be distinguished:

Viun<m<tp (weak,
Viun<mp<ty (developeg (19

TD< \/TM7'|<’TM (Strong.

The essential differences between the spectra of the systems
with different VE extent may be seen right from Fig. 1
(quantitative evaluations are given in the following section
where curvea corresponds to weak,to developed, and to
strong VE, whereas cunieis the border case between weak
and developed VE.

IV. ABSORPTION SPECTRA

1.0 A
The integral Eq(16) cannot be taken analytically. How-

ever, its numerical evaluation does not cause too many dif-
ficulties. A set of numerically obtained curves for the absorp-
tion lines x"=Imy(w) is presented in Fig. 1. To improve
their understanding, let us first establish some general prop-
erties of the dipolar susceptibility. To do that, we expand the
correlation function(17) in a series with respect to the di-
mensionless parametey, /7o =M/D under the assumption

that bothM,D>1. This yields 0.4
—e @ _ _
G(t)=e IZOWGXF( yid) o (wyt— 1),

(20) d

where 0.5 1

= =75, WOmT »lany= ——. wT

o T 2n M > | | . o
(2D 0.1 0.2 0.3 04

Replacing cosine by its complex representation, one arrives o o ] o
FIG. 1. Absorption lines for a situation when the particle size is

at
constant D =10?) whereas the stress relaxation time of the carrier
“(Q/2)% k fluid increases: curvea—d correspond toM =10 (q=0.1), 1¢
Loy (@2) — - > =
G(t)=e 9D, o exp — yit) >, Clexdi(k—2)a]. (g=1), 1¢° (q=10), and 16 (q=10?). In the framework of con-
k=0 : =0 ditions (19), casea accounts for wealky andc for developed, and

(22) for strong viscoelasticity of a suspension. In patteanrs down-
~ _ _ k_ _ . ward arrows show the position where the Debye relaxational maxi-
Here q=g/cos), a=wyt—¢, and Cy=k!/(k=D!! isa  m should be located: upward arrows indicate the points

binomial coefficient. The double suri22) may be trans- ,_, >, ' . . . of approximate locations of the maxima of the
formed into one in which the exponents equalling multiplescompiike spectra. The arrow in curdecorresponds to the position
of the eigenfrequencyy, are ordered, that gives of the mean thermal angular velocity.

_ ian - (5/2)|n‘+2' _ ¢ formula may be obtained directly from expansi@®) upon
G(t):e q Z e« — @ 7n[+2t, e . L .
ne0 Tk . =6 11(|n|+1)! substitutionn=k— 2| and appropriate change of the summa-
(23 tion limits.
Using correlator23) in the Kubo formula(16), and per-
While writing down expansiori23) we have taken into ac- forming the now elementary time integration, one finally gets
count that its amplitudes are even in the indexThe same the representation of the susceptibility as



3850 YURI L. RAIKHER AND VICTOR V. RUSAKOV 54

o0

e @2)? 1 o (@2)" (yni2—io)cogny) +nwysin(ny)
x()lxo=1+ive 2 = 22 T (o S

(24)

The latter expression is convenient for a qualitative analyit is a fundamental characteristic of the equilibrium statistical
sis. Let us begin with the case of weak VE, i.e,<7p as  assembly, and does not depend on the rheological parameters
defined by Eq(19 or q<1 in Eq. (24). For that with the of the carrier liquid.

first-order accuracy one finds Together with the enveloping profile, the viscoelasticity
growth affects the structure of each peak.g&t 2 the re-
1-q qoy solved peaks with high accuracy are single Lorentzians ho-
x(@)lxo= 1—iwrp  2(oy—w)—il7y’ q<1. mogeneously broadened. Butgat-2 each peak turns out to

(25) be a pack of closely positioned Lorentzians with comparable
amplitudes that means domination of the nonhomogeneous
We remark that this result coincides with the one obtained ifProadening. Unlike weak VE, in a system with a developed

Ref. [9] by a direct solution of the Langevin equatiéf) viscoelasticity the rate of particle rotary diffusion is equal to
using the approximate method by Coffgd6]. or higher than that of stress relaxation. Under the joint influ-

The meaning of Eq(25) is clear. Its first term yields the ence of both processes the effective width of a peak becomes
usual Debye susceptibility but slightly reduced by a weak
viscoelasticity of the carrier liquid. The second term, being a
Lorentzian, reflects the oscillatory character of relaxation in Ay = 1 n
an assembly of magnetic particles embedded in a medium w”NV“_T_D+ 27
possessing dynamic elasticity. All the overtones»(2and
highepn in this limit are beyond resolution. When trans-
formed to the absorption spectryfi( ), formula(25) gives  [see Eq(21)] where now both terms are relevant.
curves very close to that presented in cuavef Fig. 1. As On further increase ofj, the number of resolved peaks
Eqg. (25 shows, the width of the right pea/E resonance  grows unboundedly \/q) whereas their widths remain vir-
of the imaginary part of the susceptibility so~1/7y and  tually constantA w,=1/7p(1+n/q)=1/75, wheren is the
its height is xay ~7uVM/7p. This means that the peak peak’s number. Simultaneously, the interpeak distances de-
becomes untraceable as soonrgs/M <7y . Therefore the crease asoy=w/\/q. This ends up at the limiting contour
latter relationship may be regarded as the ultimate obseryyhere the peaks eventually fuse, forming a smooth cusp
ability condition for a viscoelasticity of magnetic suspen-yhose maximum sits ab—see curved of Fig. 1. It is but
sions, below which from the magnetic spectroscopy Viewnatyral that the condition of fusion of the neighboring peaks

point they do not differ from ordinary Newtonian ones. (wymp=1) renders the last line of Eq19), i.e., the strong
As the viscoelasticity increaséparameterg grows and  v/g |imit.

exceeds unity the case of developed VESee conditions | et ys look at strong VE in more detail. The condition of

(19)] takes place. Then, according to form(), the peaks  peak fusionwy 7o=1 means that, unlike the cases of weak

at multiple (2oy, 3wy, ...) frequencies become pro- anq developed VE, now the frequency of particle rotary os-

nounced. In the vicinity of each resonance, expresé®  cjjjations becomes smaller than the rate of orientati¢Da+
simplifies considerably, and the susceptibility may be preyg) relaxation. In other words, these oscillations would not

sented as a superposition of Lorentzians: contribute to the susceptibility. For quantitative consider-
ation, the previously used expansion with respect to param-
g = = (a2 (Qp— ) +Fivns g eterq=ry /7p is not feasible any longer. However, revisit-
x(w)/xo=1+e Z an TDI (O —w)21 2.  ing the general expressiofl7) for the dipolar correlation
n=1 i=o (n ) F( n w) + Yn+2l . . . . .
function, it may be shown that for the system in question it
reduces to

|0, — w| <oy (26)

whereQ = J(nwy)?+ 72, 5 =Nwy . The imaginary part of G(t)=exp —0?2), oymp<l, (27

the susceptibility, i.e., the function proportional to absorp-

tion, emerges froni26) as a sequence of equidistant peéks

comblike pattern This kind of behavior is illustrated by reflecting the fact that under strong VE the main contribution
curvesb andc of Figs. 1. The numerical analysis shows thatto the susceptibility is yielded by the dynamical range of the
the curves enveloping the combs descend monotonicallghase fluctuation. During those short intervals one may as-
when the ratio of the relaxation timegq=ry/mp<2, sume that each particle of the assembly undergoes free rota-
whereas foig>2 they have a maximum which lies approxi- tion whereas the spreadout of the angular velocities is deter-
mately at the frequency,\/q. We remark that the latter mined by the equilibrium distribution function. Hence
quantity is equal to the mean value of the particle angular A 92)=(9?)t?= (kgT/I)t2. Substitution of correlatot27)
velocity o= kg T/l over the Gaussian distribution. As such into the Kubo formula16) gives
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w | d?m -~
X(w)/)(0=1+iwj dtex i wt— (kgT/21)t?] —— —— +Q+m=xH, (31
0 kBT dt
o (%2 2 assuming that the stationary regime is achieved in a time
=1-2xexp —Xx )fo dte’ +imxe ™, (28 period 7. Then the simplest equation determini@ is
written as
where x=w/(\2w). The imaginary part has a maximum da dm
Ximad Xo=\7/2e~0.76 atx=2/2. g = — O+ g 32

Therefore at strong viscoelasticity the dipolar susceptibil-
ity of a suspension tends to that of a system of noninteractin% ) o~
plane rotatorgsee Ref[17], for examplg. As it might have ~Equations(31) and(32) form a closed set from whicQ may
been expected, in this limit the susceptibility lines arePe eliminated by differentiation to yield
smooth with a maximum around, as in curved of Fig. 1.
The x” curve being nonsingular and positive means that the
system absorbs the field energy despite vanishing of the con-
tribution of the viscous term. For a qualitative understanding
of such a behavior, one has to recall that in a thermalized =0
assembly a humber of particles which oscillate with the rates
close to the external frequeney is ever present. In fact,
only this fraction of all the particles may indeed be consi
ered to be in a strong coupling with the field. Of this number,
those which have angular velocities slightly less thaare
accelerating and, thus, absorb power, whereas other particl
decelerate, giving the power back to the field. Since in
thermodynamical(equilibrium) system the particle energy
distribution w(E) is always a diminishing function oE, L= . 5 : .
dissipation always exceeds generation thus yielding positive Xo (I-iory)(l-o0nm)—iorp
absorption. This type of dissipation is knowntag Landau
damping[18]. In the molecular spectroscopy theory, Whereg)r X obtained either by using the Coffey method or by a

:22 Lonrgﬁl%t'eorndgct: sesirt)arr? b:ﬁ?&i%gi”g;%éﬁ éagggrbzgiecgw_rect sol_ution of the Fokker-Planck equatio.n in _the lowest
sidered in Ref[17] ’ order. It is easy to see that E(B4) always gives just one

' high-frequency peak of”, and never the comblike spectrum
matching the weak VE case considered in Sec. IV. Therefore

the dispersive viscosity assumption, however reasonable it

The presented results are the outcome of a kinetic treafh@y seem, is rather rough and has a limited validity. Its
ment. To assess them more clearly, a comparison with sonRower is entirely exhausted at the point where the kinetic
other model would have helped a lot. However, we do nodescription just appeals for some extra accuracy. On doing
know of any already developed model of that kind. Becauséhat, the kinetic approach gives fruitful insight into the dy-
of that we would propose a simple alternative by ourselveshamic properties of the system and yields conclusions which
A phenomenological concept is the first to cross one’s mincfre rather nontrivial.
when setting about a study of a viscoelastic suspension. The We remark that certain results akin to those presented in
corresponding model might be callée dispersive viscosity Sec. [I-IV have been dealt with some time ago in the mo-
approximation. lecular spectroscopy theory when linear non-Markovian sto-

As is well known(see[19] for example, the phenomeno- chastic processes were put under study. In particular, a mul-
logical equation governing the evolution of macroscopictipeak spectral pattern has been obtairf@d] with the

d3m d?m dm
T|TMTD_dt3 +T|TD_dt2 +(TD+TM)E+m

(33

dH
H+7‘ME ,

g.if we define the inertial time as in Sec. lll. What is most

essential here is that in the frame of the phenomenological

approach Eq(33), unlike Eq.(4), is considered to be mac-
scopic, i.e., final. The dynamic susceptibility yielded by
g.(33 is

X l-iwTy

(39

This expression coincides with our previous res[#43]

V. DISCUSSION

magnetization in a suspension of rigid dipoles is itinerant oscillator approximatiof21,15. In this scheme a
molecule is modeled by a conjunction of two coaxial rota-
dm tors. The dipole moment is located in the inner one which is
7'DEJFm:XOH' 29 free except for being coupled through an elastic bond to the

peripheral. This is the latter that is assumed to be subjected
whererp is defined as in Eq15). Inclusion of inertia trans-  to both viscous resistance and random thermal torques. How-
forms Eq.(29) into ever, in molecular liquids the domain of material parameters
where the multipeak structure might resolve turned out to be
| d?m dm over the edge of the physical realm.
KeT a9tz Frogr TM=xH (30 We also would like to point out a striking resemblance
between the lines of the type of cureeof Fig. 1 and the
Now, bearing in mind that the resistance coefficiénand  far-infrared spectra of dipolar molecules embedded in non-
hencerp are proportional to the viscosity of the matrix, we polar fluids. If we take a glance at the absorption lines of
introduce its dispersion. For that purpose we replace in EGHCI dissolved in liquid noble gases which are analyzed in
(30) the resistance torque by some instantaneous value paperg22,23, both the series of equidistant spikes and the
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enveloping cusp centered at are clearly distinguishable.
However, one must be well aware that despite their topologi-
cal coincidence those comblike patterns are of a completelshat corresponds to the dimensionless numbérs 10°,
different origin. Our curves are the results of a classic treatb =3.10®, the characteristic frequeney,,~3-10° and the
ment whereas the mentioned molecular spectra reflect thghewidth Aw~ 10— 100 rad , which are rather customary
quantum rotational structure of HCI. In particular, it is easyfor magnetic susceptibility measurements. However, prior to
to see that the basic frequency for the pattern of cared  an attempt of experimental verification of the given predic-
Fig. 1 is wy=VI7y/{ (and thus changing with the fluid tions, one essential point must be clarified; that is, how the
viscoelasticity but it is ~#/1 (and thus fundamentefor the  distributions of stress relaxation times and particle sizes
HCI spectra. which are always present in any suspension would affect the
Finally, let us show that with composite fluid media like fine structure of the spectral patterns.
viscoelastic magnetic suspensions, the multipeak patterns are
well achievable, at least in principle. For estimates we take a

n~a?ln~1010s rp~adpy/kgT~3x10 2 s,
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